Abstract: Amphibians are the most abundant vertebrates in many forests and have the potential to play a significant role in ecosystem dynamics. We examined the effects of logging on larval Ascaphus truei Stejneger in low-order streams. Density, biomass, and mean snout-vent length were greatest in streams flowing through old growth; however, effects associated with forest harvest depended on elevation, stream size, percent cover of sand, boulders, runs, and riffles. Density and biomass were highest in high-elevation streams where silt and algae were absent and where temperature and percent cover of sand were lowest. Larvae appeared to select pool, run, or riffle microhabitats depending on their body size or developmental stage, with larger and more developed larvae occupying faster stream sections. Logging history appears to have less influence on Ascaphus variables than do stream microhabitat and site. In our study, over 86% of the variation in both density and biomass was associated with stream and site parameters. Because our results suggest that forest disturbance has major impacts under only certain conditions, we recommend that the variability of stream microhabitat and site parameters be considered prior to making harvesting decisions when managing for Ascaphus and other organisms with similar habitat requirements.
Introduction
In many forest ecosystems, amphibians are the most abundant vertebrate group. For example, in the northern hardwood forests of New Hampshire, the biomass of salamanders was twice that of the bird community during the breeding season and about equal to that of small mammals (Burton and Likens 1975a) . Larval abundance of the tailed frog (Ascaphus truei Stejneger) represented more than 90% of the herbivore biomass in some Washington streams (Crisafulli and Hawkins 1998) . DeMaynadier and Hunter (1995) argue that any organism with such great abundance has the potential to play a key role in ecosystem dynamics. Little experimental evidence for the role of amphibians in forest ecosystems exists; however, indirect evidence suggests that amphibians may have an important role in nutrient cycling and food web dynamics. Additionally, amphibians may serve as valuable indicators for some changes in environmental conditions. Amphibians facilitate energy flow by efficiently accumulating biomass. They devote most of their ingested energy directly into biomass production because nearly all the energy used for thermoregulation is obtained from external sources (Pough 1983) . Their size enables them to exploit prey too small for most forest birds and mammals; they convert biomass of small invertebrates into a prey size available to larger vertebrates (Pough 1983) . Additionally deMaynadier and Hunter (1995) argue that metamorphosing juveniles dispersing into surrounding forests create an im-portant energy pathway across the wetland-terrestrial gradient. Some authors (e.g., Burton and Likens 1975b; Hairston 1987) suggest that amphibians may also play a key role in forest nutrient cycling by regulating populations of soil invertebrates. Thus, forest management practices that modify the density and distribution of amphibians can affect the rate of decomposition and cycling of carbon, nitrogen, and other elements with potentially important implications for forest productivity (Bormann and Likens 1979) and atmospheric chemistry (Wyman 1998) .
The tailed frog is endemic to the Pacific Northwest of North America and is found between the Rocky Mountains and the Pacific Coast, in mountainous, coniferous forests (Nussbaum et al. 1983; Corkran and Thoms 1996) . Their larvae can be found in permanent, fast-flowing, low-order mountain streams (usually not containing fish), ranging from near sea level to above 2140 m in elevation (Nussbaum et al. 1983; Leonard et al. 1993; Corkran and Thoms 1996) . In coastal British Columbia (B.C.), Ascaphus occurs from near sea level to subalpine zones (30-1100 m) (Sutherland 2000) . Ascaphus are currently designated as species of "special concern" in California (red flag designation; California Nat- Negative effects of forest harvesting activities on population densities and relative abundance of larvae have been documented by several researchers including , Gilbert and Allwine (1991) , Welsh and Lind (1991) , and Dupuis and Steventon (1999) . Corn and Bury (1989) found a lower frequency of Ascaphus occurrences in logged watersheds than in unlogged ones. Ascaphus are sensitive to habitat alteration because of their lengthy larval period (1-5 years) (Wahbe 1996; Wallace and Diller 1998; Bury and Adams 1999) , small clutch size (30-70 eggs), biennial reproduction (inland populations) (Bury et al. 2001) , low recolonization potential (but see Crisafulli and Hawkins 1998) , and specialized habitat requirements (Bury and Corn 1988b; Hawkins et al. 1988) . They also have one of the lowest desiccation tolerances among anurans (Brattstrom 1963; Claussen 1973 ).
An understanding of the factors that affect larval Ascaphus populations following forest harvesting activities could lead to better conservation actions for this species and others dependent on riparian systems. Our objectives were to (i) assess differences in biomass, density, mean mass, and mean snout-vent length (SVL) for larval Ascaphus populations in streams flowing through old-growth forest, mature secondgrowth stands, and clearcuts; (ii) determine whether these differences are influenced by stream microhabitat or site parameters; and (iii) determine whether larvae select pool, run, or riffle microhabitats depending on their body size. A site includes the stream and indicates the physical location within a watershed. We posed three hypotheses: (i) biomass, density, mean mass, and mean SVL of larval Ascaphus will be highest in streams flowing through old-growth forest (because negative effects on abundance have been reported following canopy removal); (ii) differences in larval Ascaphus variables among treatments will be influenced by stream microhabitat and site parameters (because their small size suggests that their response to microhabitat and site characteristics influences their abundance, e.g., Dupuis et al. 2000) , and (iii) larger Ascaphus larvae will be found in faster stream sections than smaller larvae (because large, more robust larvae can withstand greater stream velocity). We measured stream and site parameters we felt could affect larval populations most significantly following forest harvest (see Stream surveys and parameters section for parameters measured).
Materials and methods

Study area
Our research was conducted near the city of Squamish in southwestern B.C. (49°N, 122°W) , about 60 km north of Vancouver in the Coastal Western Hemlock (CWH) and lower portions of the Mountain Hemlock (MH) biogeoclimatic zones (Meidinger and Pojar 1991) . The CWH occurs west of the coastal mountains, from sea level to 900 m on windward slopes in the south and midcoast (up to 1050 m on leeward slopes); mean annual precipitation is 2228 mm (range, 1000-4400 mm); mean annual temperature is 8°C (range, 5.2-10.5°C) (Meidinger and Pojar 1991) . In southern portions, where our study was conducted, less than 15% of total precipitation occurs as snowfall (Meidinger and Pojar 1991) . The MH occurs in the subalpine region of the coastal mountains, above the CWH, from 900 to 1800 m in the south and 400 to 1000 m in the north (Meidinger and Pojar 1991) . Mean annual precipitation ranges from 1700 to 5000 mm (20-70% is snow); mean annual temperature ranges from 0 to 5°C (Meidinger and Pojar 1991) .
A site represents a single replicate of one treatment. Nine sites were distributed within three stream basins that flow into Howe Sound (Squamish, Elaho, and Mamquam rivers) and included old growth (>250 years), mature second growth (60-80 years), and recent clearcuts (5 years since logging) (Fig. 1) . The Mamquam and Elaho clearcuts were, respectively, 200 and 500 m downstream from old-growth forests, and the Squamish clearcut was 800 m downstream from old growth. Each site contained low-order streams in the upper headwaters of watersheds, all having larval Ascaphus. These streams lacked resident game or anadromous fish and are classified as S5 (>3 m wetted width) and S6 (≤3 m wetted width) by the Riparian Management Area Guidebook of the B.C. Forest Practices Code (B.C. Ministry of Forests and B.C. Ministry of Environment, Lands and Parks 1995).
Stream surveys and parameters
We investigated changes in larval variables using areaconstrained stream surveys (adapted from and Shaffer et al. (1994) ) and mark-recapture techniques. In each stream, three 5-m sections (reaches) were selected 25 m apart (Fig. 2) . The first, most downstream reach was chosen at random. All larvae were marked in the three stream reaches. Area-constrained searches were performed in all reaches by first scanning the stream for surface-active larvae, then slowly moving up the stream turning and brushing undersides of rocks and capturing larvae with dipnets as they became dislodged. Searches were conducted between 0700 and 2200 hours, taking three people an average of 3 h per stream, with an additional 3 h to process larvae and re-cord stream microhabitat and site parameters. Initial surveys were in June and early July. Each stream was resurveyed once in July and once in August (approximately 20 days apart). Three sizes of dipnets each with 1-mm mesh were used for sampling; appropriate net size (width of net: small, medium, large) was based on dominant-sized stream substrate.
In July, we measured stream microhabitat and site parameters we thought could influence larval Ascaphus populations. Stream parameters included stream gradient (°; clinometer), stream wetted width and bank width (m; metre tape), and stream temperature (°C; mercury and digital thermometers). Site parameters included site elevation (m; altimeter and maps), substrate composition (%; visually estimated), and height of gully sidewall (m; metre tape). Substrate was classified as sand (<2 mm), pebbles (2-64 mm), cobbles (64-256 mm), and boulders (>256 mm) (adapted from . Percent cover of bedrock was visually estimated. Microhabitat of each larva captured was recorded as pool, run, or riffle, and the percentage of each of these microhabitats was visually estimated. These data were used to determine microhabitat use by larvae of different size classes. Presence of silt and filamentous algae were recorded by visual inspection. Some of the stream parameters are more integrative of the entire stream (e.g., temperature), while some are specific to the individual sampling sites (e.g., percent cover of pool microhabitat).
Mark-recapture techniques and larval variables measured
Mark-recapture techniques were used to ensure that we did not overestimate larval density in streams. Larvae captured in the three 5-m reaches were marked with a uniqueto-reach code (e.g., two notches for individuals captured in reach two). Taking special care not to cut into the central axis of caudal muscle, the dorsal fin of the tail was marked with V-shaped notches following Turner (1960) (see also Donnelly et al. 1994) . Notches were visible for at least 1 month and allowed for identification of recaptured larvae in subsequent stream surveys within that period. After a reach had been searched, we marked larvae, recorded data, replaced disturbed rocks, and released larvae less than 1 m upstream from the reach of capture.
We measured biomass, density, mean mass, and mean SVL of larvae for each summer month (June-August). Sampling units were 5-m reaches, and values were calculated using these formulae [1] biomass (g/m 2 ) = larval ∑ mass ÷ (mean stream wetted width × 5 m) [2] density (no./m 2 ) = no. of larvae ÷ (mean stream wetted width × 5 m)
[3] mean mass (g) = larval ∑ mass ÷ no. of larvae
We kept a subsample of marked larvae in a laboratory enclosure to evaluate potential impacts of marking on larval survival. A subsample of 25 larvae were obtained and given three tail fin notches each. We kept larvae at laboratory conditions close to what was found in the field, providing a 6 h light : 18 h dark photoperiod, using a timer and fluorescent lamp. Larvae were kept at 5°C in an aquarium filled with fresh stream water and algae-covered rocks, with an air pump to oxygenate the water. effects of forest practices on larval variables. When the sphericity assumption was violated (based on Mauchly's test of sphericity; Norusis 1993), the F statistic was adjusted by multiplying both the numerator and denominator degrees of freedom by epsilon. Two estimates of that adjustment are Huynh-Feldt and Greenhouse-Geisser (Zar 1984) . HuynhFeldt epsilon is an attempt to correct the GreenhouseGeisser epsilon, which tends to be overly conservative, especially for small sample sizes. The Huynh-Feldt epsilon sometimes exceeds the value of 1. When this occurs, a value of 1 is used. Epsilon corrected averaged F displays the Huynh-Feldt, Greenhouse-Geisser, and lowerbound corrected significance values for averaged univariate F tests (Norusis 1993) . All reported p values were obtained using statistics tested against a preset α = 0.05 significance level. Whenever a mean is provided, ±standard error of the mean (SE) is also reported. To compare means of larval variables, t tests were employed at a significance level of α = 0.05. Whenever possible, we present the observed power (1 -β) of each statistical test. Power of the test was computed using α = 0.05 and indicates the probability that the test will detect the differences between groups equal to those implied by the sample difference (Norusis 1993) . The alternative hypothesis is set based on the observed value. Power of the test is also known as the probability of rejecting the null hypothesis when it is, in fact, false and should be rejected (Zar 1984) .
Statistical analyses
Results
Effects of marking
During a 1.5-month period, no mortality was observed in larvae given three tail fin notches and kept in the laboratory. At 1.75 months, three larvae were found dead in the aquarium. We could not determine whether their death was related to tail fin notching, handling stress, disease, or unnatural living conditions. However, time to any mortality was long enough that marking itself should not have influenced our results.
Influence of month, watershed, and forest practices on Ascaphus larvae
To examine the overall effects of adjacent forest practices on larval biomass, density, mean mass, and mean SVL in the three watersheds, our first test employed a repeated measures general linear model (Norusis 1993) . In the analysis, among-subject factors were forest age and watershed, and the three individual stream reaches were considered replicates of each forest age -watershed combination.
Univariate tests showed within-season effects to be strongest for density of larvae (adj. F = 4.672, p = 0.018, 1 -β = 0.735) and biomass, which is a function of density (adj. F = 3.554, p = 0.043, 1 -β = 0.608). Neither SVL (F = 2.872, p = 0.075, 1 -β = 0.513) nor mean larval mass (F = 0.359, p = 0.702, 1 -β = 0.101) differed significantly with month. We expected that larval growth (measured by mean mass and SVL) might be more strongly influenced by effects of within-season variation (month) than would measures of abundance (measured by density). There was no significant interaction between month and watershed, but both month and watershed had significant effects.
We found that density (adj. F = 13.476, p = 0.001, 1 -β = 0.989) and biomass (adj. F = 15.439, p < 0.001, 1 -β = 0.995) of larvae differed significantly among watersheds. Mean larval mass (F = 1.584, p = 0.242, 1 -β = 0.275) and mean SVL (F = 1.581, p = 0.243, 1 -β = 0.275) were not significantly different among watersheds; however, power of the test was low. Although we found no significant effects of forest age on any of the larval variables measured (p > 0.182 in all cases; 0.150 < 1 -β < 0.330 in all cases), mean larval density in old growth was 1.9 times greater than that in second growth and 1.6 times greater than that in clearcuts (Table 1). We did find a significant interaction between forest age and watershed for density of larvae (F = 4.716, p = 0.019, 1 -β = 0.781), although not for any other larval variable (biomass, mean mass, and mean SVL: 2.074 < F < 2.642; p > 0.093 in all cases). Power of these latter tests was in the range 0.411 < 1 -β < 0. Note: A total of 804 larvae were used in calculations; n = 3 for mean value calculations. times the density found in the Elaho watershed and 4.1 times the density found in the Squamish watershed. Differences in larval biomass among old-growth, secondgrowth, and clearcut sites were not statistically significant (F = 1.944, p = 0.182, 1 -β = 0.330) and showed high variability across the three watersheds. Larval populations in old-growth streams yielded the highest (on average) biomass, followed by clearcut streams and mature secondgrowth streams (Table 1) . Larval biomass in old growth was 1.7 times higher than that in second growth and about 1.1 times higher than that in clearcuts. The Mamquam watershed yielded the highest larval biomass overall, with about three times that found in the Elaho and Squamish watersheds.
Differences in larval mass among old-growth, secondgrowth, and clearcut sites were not statistically significant and also showed high variability across the three watersheds. On average, larval mass in clearcuts was 1.1 times higher than that in old growth, but mean larval mass in old growth was 1.1 times higher than that in second growth (Table 1 ). In the Squamish watershed, larval mass was highest in the clearcut, followed by old growth and second growth. In the Elaho watershed, larval mass was highest in the old-growth site, followed by clearcut and second growth. In the Mamquam watershed, larval mass was higher in the secondgrowth site, followed by clearcut and old growth.
Within-season effects on growth and abundance are complex and difficult to interpret because of low power of the tests. Thus, we restricted any further detailed tests to the July sampling period when larvae were most abundant. Sampling reaches were naturally variable within forest agewatershed combinations (Table 2) , so we chose to examine physical habitat effects, as these were reflected within stream reaches.
Relations of larval Ascaphus with stream microhabitat and site parameters
Both larval biomass and density were low where silt was present. Mean larval biomass was 0.18 ± 0.03 g/m 2 where silt was present and 0.60 ± 0.14 g/m 2 where silt was not present, a significant difference (t = 2.603, p = 0.035, n = 9). Mean density of larvae was 0.35 ± 0.11 larvae/m 2 where silt was present and 1.39 ± 0.42 larvae/m 2 where silt was not present; however, this difference was not statistically significant (t = 2.131, p = 0.071, n = 9).
Larval biomass and density were also lower where percent cover of sand was high; however, these differences were not statistically significant. Larval biomass was 0.22 ± 0.08 g/m 2 where sand cover was high and 0.50 ± 0.14 g/m 2 where sand cover was low (t = 1.70, p = 0.134, n = 9). Density was 0.40 ± 0.20 larvae/m 2 where sand cover was high and 1.19 ± 0.39 larvae/m 2 where sand cover was low (t = 1.79, p = 0.118, n = 9).
Filamentous algae were present only in clearcuts, where there was significantly lower larval biomass (clearcut, 0.14 ± 0.04 g/m 2 ; old growth, 0.49 ± 0.12 g/m 2 ; t = 2.72, p = 0.03, n = 9) and density (clearcut, 0.20 ± 0.16 larvae/m 2 ; old growth, 1.14 ± 0.33 larvae/m 2 ; t = 2.54, p = 0.04, n = 9). Stream microhabitat and site parameters explaining little variation in larval variables measured included stream bank width, stream gradient, and percent cover of pebbles. Mean stream temperatures in old-growth forests (13.60 ± 0.46°C) and clearcuts (13.87 ± 1.50°C) were not significantly different (t = -0.170, p = 0.878, n = 6), but the maximum stream temperature in clearcuts was 2.2°C higher than the maximum in old growth. Mean stream temperatures in old-growth forests (13.60 ± 0.46°C) and second-growth forests (10.40 ± 1.10°C) were also not significantly different (t = 2.685, p = 0.085, n = 6), but the maximum stream temperature in old growth was 1.9°C higher than that in second growth. Mean stream temperatures in clearcuts and secondgrowth forests were not significantly different (t = -1.864, p = 0.142, n = 6), but the maximum stream temperature in clearcuts was 4.1°C higher than that in second growth. Larval biomass and density decreased with increasing stream temperatures. We were unable to record stream temperature under similar temporal conditions across all sites; thus sampling of stream temperature was inconsistent.
Stream gradient varied among all forest treatments and ranged from 5 to 10°in clearcut sites (mean, 7.7 ± 1.5°), 5 to 20°in second-growth sites (mean, 12.0 ± 4.4°), and 6 to 18°in old-growth sites (mean, 10.0 ± 4.0°). Differences in stream gradient between old-growth and clearcut sites were not statistically significant (t = 0.548, p = 0.628, n = 6), nor were differences between old-growth and second-growth sites (t = -0.338, p = 0.752, n = 6) or second-growth and clearcut sites (t = 0.943, p = 0.429, n = 6). Table 3 was created primarily to illustrate directionality of responses. In this table, the standard error of the estimate (SEE) is an overall indication of the accuracy with which the fitted regression function predicts the dependence of Y on X (Zar 1984) . Experiment-wise correction of α was not applied. A forward multiple linear regression model (Norusis 1993) showed that 89.4% of the variation in larval density was associated with site elevation, percent cover of runs and riffles, stream wetted width, and percent cover of sand and boulders (R 2 = 0.894, p < 0.05, n = 27). The density of larvae increased with increasing site elevation (r 2 = 0.545, SEE = 0.622, p < 0.001) and decreased with increasing percent cover of sand (r 2 = 0.342, SEE = 0.748, p = 0.001; Table 3). As expected, larval biomass showed similar relations.
A forward multiple linear regression model (Norusis 1993) showed that 31.5% of the variation in mean larval mass was associated with percent cover of sand (R 2 = 0.315, p < 0.05, n = 27). Mean larval mass increased with increasing percent cover of sand (r 2 = 0.315, SEE = 0.101, p = 0.004; Table 3 ). A forward multiple linear regression (Norusis 1993) showed that 54.6% of the variation in mean SVL was associated with percent cover of sand (R 2 = 0.546, p < 0.05, n = 27). Mean SVL increased with increasing percent sand cover (r 2 = 0.442, SEE = 0.808, p < 0.001) and decreased with increasing site elevation (r 2 = 0.164, SEE = 0.989, p = 0.049; Table 3 ).
Relations of larval Ascaphus size classes with stream microhabitat
The majority (66%) of larvae captured were in runs, 19% were in pools, and 15% were in riffles (Table 4) . Larvae were consistently larger (in both length and mass) from pools to runs and from runs to riffles. Mean SVL and mass of larvae were significantly different from pools to runs (SVL: t = -3.271, p = 0.001; mass: t = -2.236, p = 0.026). Mean SVL, mean mass, and total length (TL) were also significantly different from pools to riffles (SVL: t = -2.994, p = 0.003; mass: t = -2.431, p = 0.016; TL: t = -2.363, p = 0.019).
Although a greater proportion of larvae captured in pools had hind limbs, larvae in riffles had longer hind limbs than larvae in both pools and runs. We only recorded hind limbs that were longer than 1 mm. Recording shorter lengths would have required anesthetization of larvae so that the thickened epidermis could be lifted to view hind limb buds. Two larvae captured in pools and six larvae captured in runs had forelimbs; however, no larvae had forelimbs in riffles.
Discussion
Low-order streams in our study exhibited significant variation in physical parameters measured. Stream microhabitat and site parameters were dominant influences within our data and modified the response of larval populations postharvest. Higher densities and biomass of larvae were associated with higher-elevation sites and with streams that had a low percent cover of sand, an absence of silt and filamentous algae, low temperatures, and a low percent cover of boulders. We found no statistically significant effects of forest practices on any larval variables measured; however, our analyses indicated that the effects of watershed and month had the potential to dominate any effect of forest practices for any comparison with high power. Effects of watershed and month were strongest for density and biomass of larvae.
In our study, density and biomass of Ascaphus larvae in managed sites were lower than those in old-growth sites. Corn and Bury (1989) , Kelsey (1995) , and Bull and Carter (1996) also reported lower density in managed stands. Factors that may contribute to this response include an increase in stream temperature (e.g., Welsh 1990 ) and filamentous algae (T.R. Wahbe, personal observation), and higher levels of fine sediment (sand and silt) (e.g., Hawkins et al. 1988) found in clearcut streams. Bull and Carter (1996) found juvenile and adult Ascaphus abundance to be correlated not only with features of channel substrate and overall stream gradient, but also with the state of riparian habitat. The presence or absence of riparian habitat may govern larval abundance in streams, and this relationship may indirectly drive the abundance of post-metamorphic life stages. In coastal areas, some Ascaphus have been found several hundred metres from streams during wet weather (e.g., Welsh and Reynolds 1986; Bury and Corn 1988a) , but movements after metamorphosis are poorly documented. However, in B.C., terrestrial habitat use appears more spatially restricted in clearcuts sites than in unmanaged sites (T.R. Wahbe, unpublished) .
Despite fewer numbers, mean larval mass in our study was highest in clearcuts. Our results support findings by Kim (1999) and are likely attributable to the greater food supply present in streams flowing through clearcuts (see Murphy and Hall 1981) . Greater in-stream productivity may increase larval growth rates and, in turn, survival, which appears to be low (Sutherland 2000) . Thus, there may be an increased number of juvenile frogs and catches per unit of effort in clearcuts (T.R. Wahbe, unpublished) . However, if stream temperature rises too high, Ascaphus may be excluded, as eggs die above 18.5°C (Brown 1975) .
By creating suction to rock surfaces, larval Ascaphus graze nonfilamentous diatoms, unicellular algae that grow in thin mats on rocks and logs. In contrast, filamentous algae are highly resistant to grazing and have morphological features (i.e., growth in long filaments) that prevent Ascaphus larvae from creating suction to the substrate. Larval biomass was high in the Mamquam clearcut, where no filamentous algae were present. In contrast, biomass was low in the other two clearcuts, where filamentous algae were present. Aubry (2000) reported a high total amphibian biomass for mature forest stands and speculated that lower abundances of larvae and local extirpations in second-growth stands may correspond to changes in food supply, which is inevitably lower in closed canopy forests. Beschta et al. (1987) suggest that increased light and stream temperatures play a role in the shift from an aquatic flora dominated by diatoms to one dominated by filamentous green algae. In our study, the Elaho clearcut stream was small (2.8 m), had a high temperature (16.7°C), and had very low larval biomass and density; filamentous algae were also present there. The Mamquam clearcut stream was small (1.5 m) and had a low temperature (11.67°C; upstream was old-growth forest); filamentous algae were not detected here and biomass and density of larvae were high. Algae may also affect the movements and distribution of larval Ascaphus. Wahbe and Bunnell (2001) found that Ascaphus larvae moved significantly shorter distances in clearcuts compared with old growth. Their findings are consistent with two hypotheses: (i) higher amounts of debris may impede larval movements in recently logged sites, or (ii) higher food availability through increased productivity in exposed sites may reduce their need to move (Wahbe and Bunnell 2001) .
At the microsite (stream reach) level, density and biomass of larvae were lowest or larvae were absent in streams dominated by sand and fine gravel. Other researchers have reported similar results for density (e.g., Welsh and Ollivier 1998; Adams and Bury 2002; Wilkins and Peterson 2000) . Larval Ascaphus avoided substrates of sand (<5 mm) and pebbles (18-36 mm), selecting large gravel (55-96 mm) and rocks (85-125 mm) instead (laboratory study; Altig and Brodie 1972 a Only hind limbs longer than 1.00 mm were recorded (a function of detectability); n = 23 in pools, n = 40 in runs, n = 10 in riffles. stable interstitial spaces where larvae can forage and gain refuge from channel disturbances and predation (Feminella and Hawkins 1994; Dupuis et al. 2000) , although no experiments have been conducted to confirm this hypothesis. Silt and sand can clog interstitial spaces and may interfere with feeding by coating rock surfaces, making suction to the rock surface difficult and increasing ingestion of fine materials.
Sediment may accumulate in low-gradient streams following timber harvest, but detrimental effects may be masked at first by the increased autotrophic production due to increased insolation (Murphy and Hall 1981) . Murphy and Hall (1981) reported that the amounts of sand and gravel and the density of crevices in logged sites were strongly correlated with stream gradient. When stream gradient is low, the effects of logging can be more serious (see Hawkins et al. 1983) . In steeper streams, fine sediments can be flushed out of the channel relatively quickly, but low gradient streams are less able to flush out sediments accumulated during logging or road-building activities (Murphy and Hall 1981) . In our study, the positive effects of a steep gradient were evident in the Squamish watershed. In the mature secondgrowth stream, gradient was highest among the three treatments; there was no silt present, and larval densities were the highest of the three treatments. In two clearcut sites (Squamish and Elaho watersheds) where larval biomass and density were low, gradient was low, and both silt and filamentous algae were present. Old-growth forest remained upstream from the Mamquam clearcut site where there was high larval biomass and density. This site had a steep gradient and no silt was present. In the Mamquam watershed, the second-growth stream had the lowest larval biomass and density of the three treatments, and gradient was the lowest of the three treatments. Adams and Bury (2002) did not find a statistically significant association between stream gradient and density of Ascaphus larvae in the Olympic Peninsula of Washington. However, they did find a significant positive association of larval density with elevation. Densities of Ascaphus larvae were highest at higher-elevation sites for some of our streams as well as in west-central Oregon (Hunter 1998 ) and southern Washington (Aubry and Hall 1991) . Our oldgrowth and clearcut sites in the Mamquam watershed were at elevations of 773 and 898 m, respectively, and were located directly downstream from contiguous old-growth forest. The Mamquam watershed had the largest sample sizes for Ascaphus larvae, and the clearcut had higher larval biomass and density than the other two clearcuts. It is not clear whether these differences in density represent responses to differing microclimate, vegetation communities, behavior (consequences of predation or reproductive ecology), human disturbance regimes (e.g., intensive logging usually occurs first at lower elevations), or combinations of these. The presence of uncut forest upstream may mitigate logging impacts by maintaining cool temperatures or low sedimentation rates. They also are a potential source of animals for recolonization. Ascaphus were most often found in streams of logged stands when uncut timber still remained upstream (Bury and Corn 1988b; Corn and Bury 1989) . This suggests that larvae may benefit from increased within-stream primary productivity following clear-cut harvest while evading the effects of increased insolation on water temperature and the algae community.
Both mean larval mass and SVL increased with increasing percent sand cover. The positive relationship between SVL and sand cover is difficult to explain. Sites with high percent cover of sand were the Squamish old growth and clearcut and the Elaho old growth. Increases in mean mass of larvae are probably the result of ingestion of sand grains. In northern Idaho and southeastern Washington, Metter (1964) found that 30-40% of all gut contents of larval Ascaphus examined appeared to be fine sand grains, which was believed to be a result of grazing along rocks.
Larvae appear to use pool, run, or riffle microhabitats depending on their body size or stage of development. The majority of larvae captured were in runs, which may suggest that microhabitat underlying these swift-flowing waters with relatively low turbulence provides more suitable habitat for larvae. Mean lengths and mass of larvae were consistently larger from pools to runs and from runs to riffles, which may suggest that larger larvae find more suitable refuge in the faster moving waters. The presence of larger larvae in riffles may also be due to the greater capacity for within-stream primary production (i.e., greater forage) in riffles as compared with pools (Murphy and Hall 1981) . Smaller larvae may be unable to utilize these more turbulent microhabitats; thus calmer microhabitats may be more suitable. Interstitial refugia increase in size with increasing particle size from pools to runs and from runs to riffles, providing larger larvae refuge in more turbulent stream microhabitats. Microhabitat selection may also be related to temperature preferences. DeVlaming and Bury (1970) observed behavioral thermoregulation in Ascaphus larvae. In species of Rana larvae, Workman and Fisher (1941) found that thermal selection was related to metamorphic stage. The three microhabitats sampled in our study provide potentially three ranges of temperatures for larvae of various sizes to select from, but this requires further investigation. Larvae behaviorally seek microhabitats of optimal temperatures and avoid those areas posing thermal extremes. Sections of the stream that receive more shade will possess lower temperatures and are more likely to be selected by younger individuals. DeVlaming and Bury (1970) found that first-year larvae in particular selected near-freezing temperatures. Within stream reaches, pools were found along the banks and tended to be well shaded by overhanging vegetation or the bank itself. Larger individuals may select for microhabitats of higher temperatures, especially nearing metamorphosis. Warmer areas would be further away from the banks in runs and riffles where direct sunlight will be absorbed throughout the day, and primary productivity is higher. Although larval Ascaphus are known to metamorphose at the end of the summer (Brown 1990a) , when larvae were kept at 5°C, they did not achieve metamorphosis at this time (deVlaming and Bury 1970; Brown 1990b ). This suggests that behavioral thermoregulation is very important to Ascaphus. Some authors suggested that adult Ascaphus move downstream to mate (Landreth and Ferguson 1967) or overwinter (Adams and Frissell 2001) . However, these may be condition specific responses (e.g., behavioral thermoregulation as suggested by Adams and Frissell 2001) .
Conclusions
We predicted that biomass, density, mean mass, and mean snout-vent length of Ascaphus larvae would be greatest in streams flowing through old-growth forests. This pattern was clear but not significant for biomass, density, and mean snout-vent length. Our results concur with most findings by other researchers, except for Kim (1999) who found that mean lengths of larval Ascaphus were greater in clearcuts. Mean larval mass was greatest though not significantly in streams flowing through clearcuts, which does not support our hypothesis, but does support findings by Kim (1999) , the only other researcher who has addressed this topic.
Our second hypothesis stated that differences in larval Ascaphus variables among treatments would be influenced by stream microhabitat and site parameters. We did indeed find that effects of forest harvest were strongly modified by stream and site parameters, and these parameters played a role in the way forest harvest ultimately affected larval Ascaphus populations. To our knowledge, no other researchers have addressed this topic, though we feel it warrants significant attention not only when examining larval responses, but also responses by juvenile and adult frogs.
Our third hypothesis stated that larger Ascaphus larvae would be found in faster sections of streams, and this is indeed what we found. Larvae appeared to select pool, run, or riffle microhabitats depending on their body size or developmental stage, with larger and more developed larvae occupying faster stream sections. We are not aware of any other studies addressing the issue of stream velocity selection based on size or developmental stage of Ascaphus larvae.
We cannot determine whether differences in larval biomass and density are due to forest treatment alone because streams selected were not continuous through old-growth, second-growth and clearcut sites. Overall, larval responses appeared strongly modified by stream microhabitat and site parameters. Our results suggest that forest disturbance has major impacts under only certain conditions, such as in streams of low-elevation sites having a high percent cover of sand, silt, filamentous algae, and boulders. We recommend that the variability of stream microhabitat and site parameters be considered prior to making harvesting decisions when managing for Ascaphus and other organisms that inhabit cool forested mountain streams.
In our study, we addressed responses of larval Ascaphus populations to forest harvest. Clearly, forest harvesting can have an effect on all stages of the Ascaphus life cycle. An understanding of the factors that affect both larval and metamorphosed Ascaphus following forest harvesting activities will help to guide conservation actions for this species, particularly in managed forest landscapes.
Little research has addressed the terrestrial life stage of Ascaphus. However, recent data now suggest that harvested watersheds may result in reduced Ascaphus populations (Wahbe et al. 2003) . Riparian buffers may provide critical foraging habitat for Ascaphus adults, at least during dry conditions, as the species does not tolerate high temperatures and high rates of evapotranspiration (Claussen 1973) . However, T.R. Wahbe (unpublished) found extensive overland movements by post-metamorphic Ascaphus. Those data suggest that to protect all life phases of Ascaphus, forest management may require habitat reserves protecting networks of streams. Conservation measures should focus on areas naturally favorable to Ascaphus.
